This paper investigates the effects of the tensile strength of steel fiber on the mechanical properties of steel fiber-reinforced high-strength concrete. Two levels of steel fiber tensile strength (1100 MPa and 1600 MPa) and two steel fiber contents (0.38% and 0.75%) were used to test the compression, flexure, and direct shear performance of steel fiber-reinforced high-strength concrete specimens. The aspect ratio for the steel fiber was fixed at 80 and the design compressive strength of neat concrete was set at 70 MPa to match that of high-strength concrete. The performance of the steel fiber-reinforced concrete that contained high-strength steel fiber was superior to that which contained normal-strength steel fiber. In terms of flexural performance in particular, the tensile strength of steel fiber can better indicate performance than the steel fiber mixing ratio. In addition, a compression prediction model is proposed to evaluate compression toughness, and the model results are compared. The predictive model can anticipate the behavior after the maximum load.
Introduction
Steel fiber-reinforced concrete (SFRC), which incorporates steel fiber into the concrete mixture, not only improves the material's shear strength and tensile strength, but also improves its impact resistance, fatigue life, and ductility, and controls crack growth via the crosslinking of the fibers [1] . Research into SFRC has been actively conducted since the 1970s, with studies investigating various mix ratios of steel fiber with respect to the steel fiber's aspect ratio and tensile strength [2, 3] . Among the various parameters that influence the performance of SFRC, the mix ratio and aspect ratio of the steel fiber are the most prominent [4] . Köksall et al., 2012 studied the mechanical properties of SFRC with variables of concrete compressive strength and tensile strength of steel fiber. They concluded that variations of the mechanical properties of SFRC were insignificant when using normal concrete. Depending on the compressive concrete strength, the mechanical properties were highly affected in SFRC. In practice, when an amount of steel fibers are mixed in excess, the fibers reduce the mixture's workability during the pouring operation and diminish the positive effects of incorporating the fibers [5] . With advancements in manufacturing, various types and tensile strengths of steel fiber are available commercially, and high-strength steel fiber has been shown to improve the mechanical performance of SFRC [6] .
This study was focused primarily on the effects of the tensile strength (rather than the aspect ratio) of steel fiber on the mechanical properties of SFRC. The tests performed were compression, flexure, and direct shear tests of SFRC specimens.
Experimental Program

Materials and Fabrication
High-strength concrete with the design compressive strength concrete of 70 MPa was used in this study. Table 1 presents the mix proportions for concrete used in the study. The two main variables used for the three types of tests were fiber content and fiber tensile strength. The two steel fiber contents used in this study were 0.38% and 0.75 percent. According to American Concrete Institute (ACI) 318-14 (2014) [7] , the fiber content of 0.75% for SFRC is based on the minimum amount of fiber content for substitution of the minimum shear reinforcement. The tensile strength values of the steel fiber used in this study were 1100 MPa and 1600 MPa. The end-hooked steel fiber was 0.75 mm in diameter and 60 mm in length. Figure 1 shows the dimensions and various configurations of the steel fibers used in the SFRC. The fiber aspect ratio of 80 was selected and fixed for this study. Related research results regarding the performance of SFRC with various aspect ratios of steel fiber can be found elsewhere [8, 9] . The cylindrical and prismatic specimens that were fabricated for the tests to determine the mechanical properties were cured for 24 h in a mold after casting and water-cured at 20 • C ± 1 • C for 29 days.
Test Set-Ups
For the compression tests, three cylindrical specimens 150 mm in diameter and 300 mm in height were fabricated for each mix design according to KS F2403 (2014) [10] . Transverse reinforcement was placed in a compression mold to improve the confining force of the compression member so that the post behavior could be monitored after the maximum load was applied. Figure 2 shows details regarding the transverse reinforcement in the compression specimen.
The compression tests were conducted using a 2000-kN universal testing machine (UTM). Figure 3a shows the compression test set-up. Linear variable differential transducers (LVDTs) were installed to measure the deformation of the compression specimens. According to KS F2405, in order to determine the compressive strength of concrete, loading is applied with a force control of 0.6 MPa/s ± 0.4 MPa/second. However, in this study, compression loading was applied with a displacement rate of 0.1 mm/min to observe the post peak behavior.
The flexural tests were conducted in accordance with ASTM C 1609 [11] . Three prismatic specimens with dimensions of 150 mm × 150 mm × 550 mm were fabricated using each mixture. Three-point loading was applied using a 200-kN UTM with a displacement rate of 0.3 mm/minute. Figure 3b shows the flexural test set-up and the LVDTs that were installed to measure the displacement at the center of the specimen. The direct shear tests were conducted in accordance with JSCE-SF6 (1990) [12] . Three rectangular specimens, each 150 mm × 150 mm × 550 mm, were fabricated to evaluate shear behavior. Loading was applied using a 2000-kN UTM with a displacement rate of 0.1 mm/minute. Figure 4 shows the direct shear test set-up and the four LVDTs that were installed to measure the horizontal and vertical displacements of the specimens. The specimens were sawn to create a 5-mm wide, 15-mm deep notch on the bottom of each specimen to induce direct shear failure. Table 2 presents the compressive test results that include the compressive strength, elastic modulus, and ultimate compressive strain values, and the Poisson's ratios. The table lists the averaged values obtained from the three specimens for each mixture. The mixture specimen designations used for the compressive tests reflect the tensile strength of the steel fiber, the steel fiber content (its volume fraction), and the presence of transverse reinforcement. For example, HS-0.75-S indicates that the specimen has a high tensile strength (HS) (1600 MPa) , 0.75% fiber, and transverse reinforcement (S); NS indicates normal strength; CON indicates the control concrete mixture, and N indicates no transverse reinforcement. The compressive strength of the SFRC specimens with 0.75% high-strength steel fiber was improved by about 10% compared to that of the ordinary concrete (CON) specimens without steel fiber. Also, a comparison of the HS-0.75 and NS-0.75 specimens shows that superior results were obtained for the HS-0.75 specimens that contained high-strength steel fiber compared to the specimens that contained normal-strength steel fiber. The compressive strength values of the HS-0.75 and HS-0.38 specimens with different fiber contents are similar because tensile strength is a more dominant parameter than the mixing ratio in compressive strength tests. The compressive strength increased by about 2 MPa~3 MPa when transverse reinforcement was placed, but it showed little or no change in the SFRC specimens with high-strength steel fiber. Figure 5 shows the vertical and horizontal deformations of the different compression test specimens that were measured by gauges installed in the concrete. The results show that the horizontal strain increased abruptly in the specimens without steel fiber and in the SFRC specimens with normal-strength steel fiber, whereas the SFRC specimens with high-strength steel fiber deformed only slightly in the horizontal direction. The incorporation of steel fiber reinforcement and transverse reinforcing steel in the concrete with low vertical strain and the SFRC specimens had a positive effect in terms of resistance to vertical strain, in particular for the ordinary concrete (CON) specimens and the SFRC specimens with normal-strength steel fiber. The flexural performance was evaluated using a flexural toughness (TF) index. This toughness index was computed at displacements of 1/300 and 1/150 of the span length. Equations (1) and (2) were used to compute the TF values for these two displacements, respectively.
Results and Discussion
Compressive Behavior of SFRC with High-Strength Steel Fiber
Flexural Behavior of SFRC Specimens with High-Strength Steel Fiber
where TF is flexural toughness; TF f,150 and TF f,300 indicate displacement at 1/150 and 1/300 of the span length, respectively; f 1 is the initial crack strength; b (mm) is width; and h (mm) is the height of the specimen [13] . Table 3 summarizes the initial crack strength, displacement at the initial crack strength, flexural strength, displacement at the flexural strength, flexural toughness, and flexural toughness index values. The SFRC specimen with 0.75% high-strength steel fiber was found to improve initial cracking resistance, flexural strength, and flexural toughness. The variable, tensile strength of fiber, is more critical in terms of flexural performance than fiber contents. With regard to the effect on fiber content, the initial cracking strength of the HS-0.38 specimen is similar to that of the HS-0.75 specimen, but significant changes were observed in terms flexural strength.
The initial cracking strength of the NS-0.75 specimens was about 10% lower than that of the HS-0.75 specimens. After reaching maximum flexural strength, the NS-0.75 specimens showed a large reduction in load, unlike the specimens reinforced with high-strength steel fiber. The TF values of the SFRC specimens with respect to fiber content increased with an increase in fiber content.
Based on the toughness index, which reflects the tensile strength of steel fiber, the increase in tensile strength shows a slight effect at a span ratio of 1/300, but the flexural toughness index increased significantly at the span ratio of 1/150. These results show that fiber tensile strength is closely related to end behavior in flexural tests. In the case of the SFRC specimens with normal-strength steel fiber, the fiber failed to resist the load when the specimen failed. However, in the case of the SFRC specimens with high-strength steel fiber, the high-strength steel fiber suppressed crack formation throughout the specimen and improved the flexural strength via its close adherence to the concrete, thereby ensuring ductility and preventing breakage. In short, the flexural toughness index values were higher for the SFRC specimens that contained high-strength steel fiber than for the other specimens. Figure 7 presents the direct shear test results with respect to fiber content in terms of typical load versus deflection. The results indicate that the SFRC specimens with high tensile strength steel fiber have greater shear strength compared to the specimens with normal tensile strength steel fiber. The maximum shear strength values of the HS-0.38 and HS-0.75 specimens are similar. However, the shear toughness of HS-0.75 is more than twice that of HS-0.38, as mentioned in the previous section. Addition of steel fibers in plain concrete specimen improves the shear strength as confirmed in literature [14] .
Direct Shear Behavior of SFRC Specimens
Shear stress can be computed using Equation (3).
where τ max is the maximum shear stress (MPa); P max is the maximum applied shear load (kN); b (mm) is the width of the specimen, and h (mm) is the height of the specimen. Figure 8 summarizes the results for the initial shear crack load, maximum shear load, and maximum shear stress. The shear strength of the SFRC specimens with high-strength steel fiber improved by about 20% compared to the CON specimens with ordinary concrete. However, the shear strength of the SFRC specimens with normal-strength steel fiber improved by only about 10 percent. 
Modeling the Compressive Behavior of SFRC
A stress-strain curve for SFRC with end-hooked steel fiber is proposed herein. The compressive behavior of SFRC members can be predicted using Equations (4) through (7) , as derived by [15] .
where A and B are coefficients; V f (%) is fiber content; ε o is ultimate strain; E c is the elastic modulus of concrete; and l f and d f are the length and diameter of the fiber, respectively. Figure 9 presents a comparison between typical, actual behavior under compression and the predictive model results obtained using the proposed Equations (4)- (7) . For the specimens with 0.75% steel fiber, the load is shown to decrease sharply or become unstable after reaching the maximum load. The predictive model can anticipate the behavior after the maximum load, and thus, a toughness ratio can be obtained. Similar results can be obtained by using the predictive model Equations (4)- (7) after the maximum load, as shown in Figure 8 . The compressive toughness values obtained from the predictive model are closely related to the steel fiber content. Increasing the steel fiber mixing ratio and increasing the tensile strength of the steel fiber are shown to improve the compressive toughness [16] . The compressive toughness also was improved by increasing the mix ratio rather than by increasing the tensile strength. 
Conclusions
The effects on the mechanical properties of high-strength SFRC with respect to the tensile strength of embedded steel fibers were evaluated in this study using compression, flexure, and direct shear tests. The limited test results led to the following findings.
(1) With regard to fiber tensile strength, the results show that the compressive strength values are high for the SFRC specimens that contained high-strength steel fiber. When the mix ratio was used as a variable, similar compressive strength values were found at 0.38% and 0.75% steel fiber contents. (2) With regard to flexural behavior, the SFRC specimens that contained 0.38% and 0.75% high-strength steel fiber showed similar ductile flexural behavior after initial cracking. However, in terms of flexural strength, the test specimens that contained 0.75% high-strength steel fiber showed superior performance, with more than 30% improvement. In addition, the flexural strength and behavior after initial cracking were excellent for the SFRC specimens that contained 0.75% high-strength steel fiber and were better than the SFRC specimens that contained 0.75% normal strength steel fiber.
